The spread of photosynthesis is one of the most important but controversial topics in eukaryotic evolution. Because of massive gene transfer from plastids to the nucleus and because of the possibility that plastids have been lost in evolution, algal genes in aplastidic organisms often are interpreted as footprints of photosynthetic ancestors. These putative plastid losses, in turn, have been cited as support for scenarios involving the spread of plastids in broadscale eukaryotic evolution. Phylogenomic analyses identified more than 100 genes of possible algal origin in Monosiga, a unicellular species from choanoflagellates, a group considered to be the closest protozoan relatives of animals and to be primitively heterotrophic. The vast majority of these algal genes appear to be derived from haptophytes, diatoms, or green plants. Furthermore, more than 25% of these algal genes are ultimately of prokaryotic origin and were spread secondarily to Monosiga. Our results show that the presence of algal genes may be expected in many phagotrophs or taxa of phagotrophic ancestry and therefore does not necessarily represent evidence of plastid losses. The ultimate prokaryotic origin of some algal genes and their simultaneous presence in both primary and secondary photosynthetic eukaryotes either suggest recurrent gene transfer events under specific environments or support a more ancient origin of primary plastids.
Introduction
Among all endosymbiotic events in eukaryotic evolution, the spread of plastids appears to have had the most significant impact on the diversification of major eukaryotic lineages. Not only did primary endosymbiosis with a cyanobacterium spawn the origin of plastids in primary photosynthetic eukaryotes (glaucophytes, red algae, and green plants), an independent origin of plastids has also been found in Paulinella (Marin et al. 2005) . Subsequent secondary or tertiary endosymbioses further facilitated the evolution of several other major eukaryotic groups, including apicomplexans, dinoflagellates, diatoms, euglenids, etc. (Delwiche 1999; Bhattacharya et al. 2004) . Furthermore, there is clear evidence of temporally sequestered plastids, for example, in sea slugs, ciliates, and dinoflagellates (Gustafson et al. 2000; Hanten and Pierce 2001; Takishita et al. 2002; Johnson et al. 2007 ). In almost all cases of long-term plastid retention, the cyanobacterial or algal endosymbiont has routed their genes to the host organisms, a process often called endosymbiotic gene transfer (EGT) . Although the number of transferred genes varies among taxa, relocation of genes to the nucleus and import of their encoded proteins into the endosymbiont often indicate successful integration of the endosymbiont into the host cell, the hallmark of organelle genesis (Theissen and Martin 2006; Keeling and Archibald 2008) . Because EGT is so prevalent in these cases, algal or plastid genes frequently are suggested as footprints for lost plastids in other eukaryotic groups that are entirely heterotrophic at present (Andersson and Roger 2002; Hannaert et al. 2003; Huang et al. 2004; Tyler et al. 2006; Reyes-Prieto et al. 2008; Maruyama et al. 2009 ). These putative plastid losses, in turn, have been cited as support for scenarios involving the spread of plastids in broadscale eukaryotic evolution, notably the chromalveolate hypothesis and a more ancient cyanobacterial endosymbiosis in early eukaryotic evolution (Tyler et al. 2006; Maruyama et al. 2008; Reyes-Prieto et al. 2008; Maruyama et al. 2009) .
In this study, we report 103 algal genes in Monosiga brevicollis, a unicellular organism from choanoflagellates, which are considered to be the closest relatives of animals (Lang et al. 2002; Ruiz-Trillo et al. 2008 ). All choanoflagellates are free-living heterotrophs inhabiting marine or freshwater environments. No plastids or algal endosymbionts have ever been reported in choanoflagellates, nor are they hypothesized to have a photosynthetic ancestor under any current working model of plastid evolution. We discuss potential evolutionary scenarios for the acquisition of algal genes in Monosiga and the implications of this finding for interpreting algal genes in other eukaryotic taxa.
Materials and Methods

Data Sources
Predicted protein sequences of the choanoflagellate M. brevicollis, heterokont Aureococcus anophagefferens, haptophyte Emiliania huxleyi, and heterolobosean Naegleria gruberi were downloaded from the Joint Genome Institute. Annotated protein sequences of red algal Cyanidioschyzon merolae were downloaded from the Cyanidioschyzon merolae Genome Project (http://merolae.biol.s.u-tokyo.ac.jp). Expressed sequence tags (EST) were downloaded from the Taxonomically Broad EST Database (TBestDB) (O'Brien et al. 2007 ) and the National Center for Biotechnology Information (NCBI) dbEST database, with redundancy removed. All other sequences were obtained from the NCBI nonredundant (nr) protein sequence database.
Genomic Screening for Gene Transfer Candidates
Phylogenomic screening was performed using PhyloGenie (Frickey and Lupas 2004) and the NCBI RefSeq database, with predicted protein sequences of Monosiga as the input. A separate analysis also was performed using Darkhorse (Podell and Gaasterland 2007) and the NCBI protein nr database. Both PhyloGenie and Darkhorse are programs for genome-wide analyses of gene transfer candidates. PhyloGenie identifies candidates based on automated gene tree generation and analyses. Darkhorse performs sequence comparisons and identifies candidate genes using the taxonomic information of matched sequences from the database. Monosiga sequences that formed a clade with algal homologs in trees generated from phylogenomic screening and that were most similar to algal homologs were considered to be candidate genes of algal origin. The final list of candidate genes consisted of the union of results generated from the two analyses.
Determination of Algal Origin
For each gene transfer candidate generated through genomic screening, we performed detailed phylogenetic analyses, including sequence resampling from available EST and protein sequence databases (see above and below). Taxonomic distribution of Monosiga sequence homologs was also investigated. Additionally, careful domain structural comparisons between Monosiga and algal sequences were conducted. The algal origin for the focal Monosiga sequence was determined based on 1) gene tree topology that shows a Monosiga/algal clade with bootstrap support of more than 70% from maximum likelihood or distance analyses, 2) taxonomic distribution of homologs only in plastid-containing eukaryotes (or plus a few bacteria), and 3) unique domain structures shared with algal sequences.
Phylogenetic Analyses
Protein sequences and ESTs were sampled from representative groups of all three domains of life (bacteria, archaea, and eukaryotes). Protein sequence alignments were performed using MUSCLE (Edgar 2004) and ClustalX (Thompson et al. 1997) , followed by visual inspection and manual refinement. Gaps and ambiguously aligned sites were removed manually. ModelGenerator (Keane et al. 2006 ) was used to determine the most optimal model of protein substitution and rate heterogeneity. For all candidate genes except a few that are restricted to algae, phylogenetic analyses were performed with a maximum likelihood method using PHYML 3.0 (Guindon and Gascuel 2003) and a distance method using ''neighbor'' of PHYLIP version 3.69 (Felsenstein 2005) , with maximum likelihood distances calculated using Tree-Puzzle (Schmidt et al. 2002) . Bootstrap analyses used 100 pseudoreplicates. Both maximum likelihood and distance analyses used the rate heterogeneity determined by ModelGenerator, which included four-gamma rate categories plus invariant sites in most cases. The LG model (Le and Gascuel 2008) , which was the most frequently selected by ModelGenerator, was used in maximum likelihood analyses. For distance analyses, because the LG model has not been incorporated in Tree-Puzzle, the second-best model determined by ModelGenerator for each protein was used.
Results and Discussion
Algal Genes in Monosiga
Phylogenomic screening of the Monosiga genome using PhyloGenie generated trees for 4,629 genes, 865 of which were determined to be gene transfer candidates. A separate analysis using Darkhorse, which is based on a different computational algorithm, generated 935 gene transfer candidates. The union of the two data sets yielded a total of 1,324 Monosiga genes that were likely acquired from prokaryotes or other eukaryotes. Upon further detailed phylogenetic analyses, 103 of the 1,324 genes were found to have strong algal affiliation (table 1 and supplementary file, Supplementary Material online).
The identified Monosiga genes with algal affiliation include several that were reported in earlier studies (Nedelcu et al. 2008; Maruyama et al. 2009; Nedelcu et al. 2009; Suzuki and Miyagishima 2010) . About 51% (53/103) of these genes appear to be specifically related to sequences from chromists, particularly haptophytes and diatoms, and many others to other plastid-containing groups, such as green plants and euglenids (table 1 and figs. 1 and 2). This observation is largely consistent with the recent finding that haptophytes and stramenopiles-alveolates are a monophyletic group, which in turn is sister to green plants . No Monosiga gene is specifically related to red algal sequences. Although the lack of Monosiga genes with red algal affiliation could result partly from the smaller number of sequences from red algae in available sequence databases, this explanation does not hold, in general, for seemingly foreign sequences in Monosiga. In particular, sequences from green plants considerably outnumber those from haptophytes and diatoms in our sequence databases (1,468,171 protein sequences for green plants vs. 249,950 for haptophytes, pelagophytes, and diatoms), but only 11 Monosiga genes are specifically related to green plant sequences compared with 53 with affinities to haptophytes, diatoms, or other chromists (supplementary file, Supplementary Material online).
In many cases, the algal affiliation of Monosiga genes is reflected in their phyletic distribution. Eleven Monosiga genes have homologs only in plastid-containing eukaryotes (supplementary file, Supplementary Material online). Another Monosiga hypothetical protein gene (GenBank accession number XP_001745434) appears to be present largely in plastid-containing eukaryotes and cyanobacteria. Additional evidence for Monosiga/algal affiliation also comes from gene structure. For example, a gene annotated as encoding a hypothetical protein (GenBank accession number XP_001745048) contains an N-terminal domain of Sun et al. · doi:10.1093/molbev/msq175 Chromists/bacteria Unknown unknown function and a C-terminus consisting of an alpha kinase domain. The same gene structure is also found in green algae, haptophytes, and diatoms, but homologs from other eukaryotes contain only the C-terminal alpha kinase domain ( fig. 3 ). Further phylogenetic analyses based solely on the alpha kinase domain present in all eukaryotic homologs strongly support a common origin of Monosiga and algal sequences. Identification of acquired genes can be complicated by multiple issues, such as taxonomical sampling, methods of analysis, data quality, secondary gene transfer events, and differential gene gains or losses (Genereux and Logsdon 2003; Kurland et al. 2003; Huang and Gogarten 2006) . For analyses of deep phylogenies, long-branch attraction also is a particular concern (Philippe and Laurent 1998). In this study, we have carefully addressed these complications using a combined approach based on phylogenetic analyses, phyletic distribution, and other molecular evidence (e.g., gene structure, shared indels, etc.). Because differential gene gains or losses can always be invoked as alternative explanations for gene transfer events (Gogarten and Townsend 2005; Huang and Gogarten 2006) , identified Monosiga genes with algal affiliation in our analyses theoretically could be derived from losses of the focal genes in animals and related taxa or by gene acquisitions independently in Monosiga and different algal groups. Such scenarios, however, are less parsimonious given that these genes are mostly related to chromist and green algal sequences. Combined with the specific cyanobacterial or plastidic affinity of several identified genes, our data are highly suggestive of past gene transfer events between algae and Monosiga. Furthermore, the distribution in multiple algal groups and the specific affiliation with chromist and green algal homologs for many of these genes suggest an algal donor in most cases (figs. 1-3 and supplementary file, Supplementary Material online).
Secondary Gene Transfer
Gene transfer represents a mechanism to rapidly spread evolutionary success across distinct organismal lineages. If beneficial to the recipient organism, the same gene may be introduced independently to multiple recipients and/or spread secondarily from one recipient to another (Gogarten et al. 2002; Huang and Gogarten 2006) . Several genes, in particular, those involved in carbohydrate metabolism, appear to have been transferred independently to Monosiga and to other organisms including fungi. In several cases, Monosiga acquired genes from algae, whereas fungi acquired their genes either from plants or from bacteria ( fig. 1C and D) . Interestingly, more than 25% of identified Monosiga algal genes (26/103) also show strong prokaryotic affiliation. These genes often are predominantly found in bacteria, suggesting a likely bacterial origin. Their distributions in eukaryotes usually are restricted to Monosiga and plastidcontaining eukaryotes. It is likely that these genes were initially transferred from bacteria to algae and secondarily routed to Monosiga. The nature of secondary gene transfer for many algal genes in Monosiga is further supported by phylogenetic and other molecular evidence (figs. 1 and 2). For example, the gene-encoding DNA glycosylase is found only in photosynthetic eukaryotes, Monosiga, and bacteria. Phylogenetic analyses clearly show that Monosiga DNA glycosylase groups with sequences from photosynthetic eukaryotes ( fig. 2A) . Another Monosiga gene encodes disulfide oxidoreductase. Identifiable homologs of this gene are found only in c-proteobacteria and plastid-containing eukaryotes, including green plants where the protein product is located on plastid thylakoid membrane and involved in cell redox homeostasis. In addition to phylogenetic evidence ( fig. 2C) , the Monosiga sequence is most similar to homologs from haptophytes and apicomplexan Toxoplasma; these sequences also share several unique amino acid residues and an insertion of about nine amino acids, supporting the possible link between them.
The observation of secondary gene transfer is consistent with previous reports that bacterial genes frequently were incorporated into algal genomes (Archibald et al. 2003; Bowler et al. 2008) and that picophytoplanktons are a common food source for choanoflagellates (Marchant and Scott 1993) . Additionally, several Monosiga genes represent fusion either with another distinct algal gene or of two duplicate domains of algal origin. These observations not only point to frequent gene acquisition and recycling in specific environments but also that gene transfer plays a potentially important role in the origin of new genes.
Algal Genes in Monosiga Adaptation
Because gene acquisition can result in evolutionary adaptation in the recipient organism, we further investigated the biological functions of acquired genes. Of the algal genes of known functions we identified, about 58% (37/ 64) are related to amino acid or carbohydrate metabolism; these include four genes involved in degrading pectin, a major component of plant cell walls, and many others implicated in the degradation of other polysaccharides (table 1). Although some of these genes share a generic function and belong to a super gene family, they are divergent in sequences. Considering that only about 14% (588/4,300) of genes with annotated functions in the Monosiga genome are related to carbohydrate or amino acid metabolism, the enrichment of such genes in the identified algal genes is significant (v 2 5 98.24, P , 0.01). High concentrations of acquired genes related to amino acid or carbohydrate metabolism have been reported in several other organisms that are under lifestyle transition to parasitism or that inhabit environments rich in plant biomasses. Examples include soil nematodes, rumen fungi, and ciliates, all of which acquired genes related to plant cell wall degradation that provide recipient organisms with simple sugars as nutrients (Garcia-Vallve et al. 2000; Scholl et al. 2003; Ricard et al. 2006) . Choanoflagellates are known as important components of food webs in aquatic ecosystems, where they consume bacteria and phytoplanktons. Therefore, even though the algal genes identified in our analyses represent only a fraction of the total number of acquired genes in Monosiga, it appears that gene acquisition facilitated the adaptation of Monosiga by providing more digestible food sources.
Several acquired genes in Monosiga encode metabolite transporters (table 1) . In particular, at least two genes encode multidrug and toxin efflux transporters or extrusion proteins. As a free-living heterotroph, Monosiga can be exposed to potentially toxic or hazardous compounds in its environment. Indiscriminate ingestion of hazardous materials could lead to fatal consequences. By acquiring necessary metabolite transporters and multidrug extrusion proteins, Monosiga gains not only necessary nutrients but also protection from potentially hazardous substances.
Thirty algal genes in Monosiga are annotated as hypothetical proteins of unknown function (table 1), and they are unlikely to be indispensable or present in all organisms. It appears that the majority of the algal genes we identified in Monosiga are character genes, which are defined as present in many organisms and often related to their metabolic repertoires and adaptation (Lapierre and Gogarten 2009 ). Therefore, despite the elusive nature of overall frequency of gene transfer in eukaryotes, character genes may be fluid in response to environmental shift and resource availability.
Endosymbiosis or Gene Ratchet Mechanism?
Two prominent modes of gene acquisition in eukaryotes are the gene ratchet mechanism and symbiosis. The gene ratchet mechanism, also known as ''you are what you eat'' as elaborated by W. Ford Doolittle (Doolittle 1998) , is based on the observation that many protozoan eukaryotes capture other microbes as food sources. Gene acquisition ensues when lysed DNA from food sources becomes incorporated into the host cell through recombination. Although the gene ratchet mechanism offers an intriguing explanation for gene transfer events in many eukaryotic microbes, the more stable physical association maintained through symbioses, including endosymbioses that gave rise to mitochondria and plastids, appears to have resulted in a more constant gene flux from donor organisms over long periods of evolution (Kondo et al. 2002; Martin et al. 2002; Hackett et al. 2004; Richly and Leister 2004; Hotopp et al. 2007) .
Because physical association often facilitates gene transfer and because symbioses are a stable form of physical association, congruent signal from multiple foreign genes has been interpreted as being derived from previous but obsolete endosymbioses in a variety of eukaryotic lineages (Huang and Gogarten 2007; Moustafa et al. 2009 ). In this context, algal genes in extant aplastidic protists have been interpreted as evidence for plastid losses after a more ancient origin of primary plastids (or cyanobacterial endosymbionts) or, alternatively, for more localized plastid losses in aplastidic chromalveolates including apicomplexan Cryptosporidium, oomycete Phytophthora, and ciliates (Huang et al. 2004; Tyler et al. 2006; Reyes-Prieto et al. 2008 ). Among these organisms, ciliates are known to feed on algae, and whether their algal genes are derived from previously stable algal endosymbionts is less certain (Archibald 2008; Elias and Archibald 2009) .
Monosiga has a similar lifestyle to ciliates. Both are freeliving heterotrophs in freshwater and marine ecosystems, and both feed on bacteria, phytoplanktons, and detritus. Although a slightly different computational method is used in our analyses, many more algal genes are identified in Monosiga than in ciliates (103 vs. 16; Reyes-Prieto et al. 2008) . The higher number of algal genes in Monosiga is even more remarkable, given that Monosiga has a much smaller genome compared with ciliates (9,200 vs. 27,466 proteincoding genes in Tetrahymena thermophila). Additionally, a disproportional number of algal genes in Monosiga are linked to haptophytes and diatoms as the most likely donors. Therefore, if ciliates did indeed derive their algal genes from a photosynthetic endosymbiont in their ancestor, consistent criteria and reasoning would point to a past algal endosymbiosis in Monosiga as well.
Whether Monosiga had a past algal endosymbiont is unknown. Given that independent acquisitions of algal endosymbionts occurred in multiple eukaryotic lineages (Delwiche 1999; Elias and Archibald 2009) , another endosymbiosis does not seem entirely implausible. After all, symbioses between algae and animals also exist in multiple sea slugs, which acquired algal genes and retain stable chloroplasts that carry out normal photosynthesis (Hanten and Pierce 2001; Rumpho et al. 2008) . Under this scenario, the frequent affiliation between Monosiga and haptophyte sequences may be interpreted as derived from a haptophyterelated endosymbiont in Monosiga or choanoflagellates. On the other hand, no plastids are known to exist in any extant choanoflagellates or related taxa, and no independent evidence suggests an historical algal endosymbiont in the group. Furthermore, there is no significantly stronger phylogenetic signal from algal genes when compared with those acquired from bacteria (Sun G, Huang J, unpublished data). Moreover, the vast majority of the algal genes in Monosiga are derived from haptophytes (Emiliania), diatoms (Phaeodactylum and Thalassiosira), and green algae (Micromonas, Ostreococcus); these taxa not only are the most abundant phytoplanktons in aquatic environments but also are known for their microscopic sizes. In particular, some prasinophyte green algae are among the smallest eukaryotes. Given the distribution pattern of these algal genes and the phagotrophic nature of Monosiga, the presence of algal genes in Monosiga can be easily explained by the gene ratchet mechanism. Considering the widespread distribution and abundance of algae, in particular, haptophytes, diatoms, and prasinophytes, as well as their decomposition products in the environment, it is reasonable that many of these algal genes were brought into Monosiga during food capture.
Secondary Photosynthetic Eukaryotes-Frequent Gene Acquisitions or More Ancient Plastids?
It has often been suggested that primary photosynthetic eukaryotes are monophyletic and further higher order endosymbioses led to the spread of plastids in photosynthetic chromalveolates and other secondary photosynthetic eukaryotes (Fast et al. 2001; Bhattacharya et al. 2004; Rodriguez-Ezpeleta et al. 2005) . These notions have constantly been under debate (Stiller and Hall 1997; Stiller et al. 2001; Nozaki et al. 2003; Nozaki 2005; Sanchez-Puerta and Delwiche 2008; Bodyl et al. 2009) , and recent studies have painted a more complex picture of the evolutionary history of photosynthesis in eukaryotes. Several comprehensive multigene analyses either provide no support for a monophyly of primary photosynthetic eukaryotes (Yoon et al. 2008; Hampl et al. 2009 ) or suggest a super clade containing most photosynthetic eukaryotes (Burki et al. 2007; Burki et al. 2008; Nozaki et al. 2009 ), but also many aplastidic forms. Additionally, whether putatively algal genes in some aplastidic chromalveolates, such as oomycetes, can be considered as evidence of a photosynthetic ancestor also has been challenged by genome-wide statistical analyses ).
Some algal genes in Monosiga ultimately are of prokaryotic origin, and these genes often are present in both primary and secondary photosynthetic eukaryotes, mostly green plants, diatoms, and haptophytes (figs. 1 and 2). The frequent affiliation between sequences of green plants, diatoms, and haptophytes also was reported in earlier investigations and interpreted as a result of a past green algal endosymbiont in chromalveolates (Moustafa et al. 2009 ). However, given that green plants are more heavily represented in the available sequence databases, it is unclear whether the green algal-diatom affiliation has resulted from a biased taxonomic coverage in current genome sequencing efforts (Elias and Archibald 2009; Stiller et al. 2009 ).
The ultimate prokaryotic origin for some algal genes in Monosiga entails at least three independent transfer events. Each of the original bacterial genes must have been acquired by a photosynthetic eukaryote before it later was spread to Monosiga. However, because many Monosiga algal genes are derived either from haptophytes or from diatoms (figs. 1A and B and 2C), there must have been an additional intermediate horizontal transfer from primary to secondary photosynthetic algae. This issue has serious implications, not only for the overall scale of gene transfer in eukaryotes but also for tracing the evolutionary history of photosynthetic eukaryotes. If primary photosynthetic eukaryotes are indeed a distinct monophyletic group, the three transfer events described above must have occurred to move the focal genes from bacteria to primary (1), then to secondary photosynthetic eukaryotes (2), and finally to Monosiga (3). This scenario is possible given that many secondary photosynthetic eukaryotes prey on green or red algae. However, because events of gene transfer are generally considered to be relatively rare in eukaryotes (Andersson 2005; Keeling and Palmer 2008) , the possibility for repeated transfers of the same genes decreases accordingly; the more transfer events required, the less likely the scenario becomes (Huang and Gogarten 2006) .
On the other hand, our current observations could be explained in a context similar to the proposed super group including most photosynthetic eukaryotes; that is, a more broadly defined ''Plantae'' (Nozaki 2005; Burki et al. 2008; Nozaki et al. 2009 ). Under this scenario, if primary photosynthetic eukaryotes, either through monophyly or through paraphyly, are related to some secondary photosynthetic eukaryotes (Burki et al. 2008; Hampl et al. 2009 ), then acquired bacterial genes are expected to be present in both groups, tracing from a single ancestral transfer event. Such a scenario, without invoking recurrent independent transfers of the same gene, also explains the frequent common presence of other bacterial genes in both primary and secondary photosynthetic eukaryotes (Huang and Gogarten 2007; Becker et al. 2008; Huang and Gogarten 2008; Huang and Gogarten 2009; Nozaki et al. 2009 ).
Conclusions
Although algal genes in Monosiga may likely be derived from endosymbiosis, they may also exist as a result of feeding activities in aquatic environments. Given the distribution of phagotrophs and taxa of phagotrophic ancestry, the presence of algal genes in many eukaryotes may be expected. Considering the number of algal genes identified in Monosiga and possible secondary or recurrent transfer events, the evolution of algal genes in aplastidic eukaryotes appears to be a very complex issue and deserves careful investigations. Independent evidence (e.g., lifestyle, gene transfer dynamics, phylogenetic affiliation, etc.) should be considered before past endosymbioses or feeding activities are invoked as an interpretation for algal genes in aplastidic eukaryotes.
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